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Asteroid (99942) Apophis’ close approach in 2029 will be one of the most significant small-body
encounter events in the near future and offers a good opportunity for in situ exploration to determine
the asteroid’s surface properties and measure any tidal effects that might alter its regolith configuration.
Resurfacing mechanics has become a new focus for asteroid researchers due to its important implications
for interpreting surface observations, including space weathering effects. This paper provides a prediction
for the tidal effects during the 2029 encounter, with an emphasis on whether surface refreshing due to
regolith movement will occur. The potential shape modification of the object due to the tidal encounter
is first confirmed to be negligibly small with systematic simulations, thus only the external perturbations
are taken into account for this work (despite this, seismic shaking induced by shifting blocks might still
play a weak role and we will look into this mechanism in future work). A two-stage approach is
developed to model the responses of asteroid surface particles (the regolith) based on the soft-sphere
implementation of the parallel N-body gravity tree code pkdgrav. A full-body model of Apophis is sent
past the Earth on the predicted trajectory to generate the data of all forces acting at a target point on the
surface. A sandpile constructed in the local frame is then used to approximate the regolith materials; all
the forces the sandpile feels during the encounter are imposed as external perturbations to mimic the
regolith’s behavior in the full scenario. The local mechanical environment on the asteroid surface is
represented in detail, leading to an estimation of the change in global surface environment due to the
encounter. Typical patterns of perturbation are presented that depend on the asteroid orientation and
sense of rotation at perigee. We find that catastrophic avalanches of regolith materials may not occur dur-
ing the 2029 encounter due to the small level of tidal perturbation, although slight landslides might still
be triggered in positions where a sandpile’s structure is weak. Simulations are performed at different
locations on Apophis’ surface and with different body- and spin-axis orientations; the results show that
the small-scale avalanches are widely distributed and manifest independently of the asteroid orientation
and the sandpile location. We also include simulation results of much closer encounters of the Apophis
with Earth than what is predicted to occur in 2029, showing that much more drastic resurfacing takes
place in these cases.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

In this paper, we investigate numerically the behavior of
granular material at the surface of an asteroid during close
approach to the Earth. We focus on the specific case of Asteroid
(99942) Apophis, which will come as close as 5.6 Earth radii on
April 13th, 2029. We provide predictions about possible reshaping
and spin-alteration of—and surface effects on—Apophis during this
passage, as a function of plausible properties of the constituent
granular material. Studies of possible future space missions to Apo-
phis are underway, including one by the French space agency CNES
calling for international partners (e.g., Michel et al., 2012), with the
aim of observing this asteroid during the 2029 close encounter and
characterizing whether reshaping, spin-alteration, and/or surface
motion occur. The numerical investigations presented here allow
for estimation of the surface properties that could lead to any
observed motion (or absence of motion) during the actual
encounter.
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Apophis made a passage to the Earth at �2300 Earth radii in
early 2013. At that time, the Herschel space telescope was used
to refine the determination of the asteroid’s albedo and size
(Müller et al., 2014). According to these observations, the albedo
is estimated to be about 0.23 and the longest dimension about
325� 15 m, which is somewhat larger than previous estimates
(270� 60 m, according to Delbo’ et al., 2007). Concurrent radar
observations improved the astrometry of the asteroid, ruling out
the possibility of a collision with the Earth in 2036 to better than
1 part in 106. However, Wlodarczyk (2013) presented a possible
path of risk for 2068. This finding has put off any crisis by �32
years and makes exploring Apophis in 2029 to be more for scien-
tific interest. To date, nothing is known about the asteroid’s surface
mechanical properties, and this is why its close passage in 2029
offers a great opportunity to visit it with a spacecraft, determine
its surface properties, and, for the first time, observe potential
modifications of the surface due to tidal effects. And as Apophis
approaches, it is likely that international interest in a possible mis-
sion will increase, since such close approaches of a large object are
relatively rare.

The case for tidally induced resurfacing was made by Binzel
et al. (2010; also see DeMeo et al., 2013) and discussed by
Nesvorný et al. (2010) to explain the spectral properties of near-
Earth asteroids (NEAs) belonging to the Q taxonomic type, which
appear to have fresh (unweathered) surface colors. Dynamical
studies of these objects found that those bodies had a greater ten-
dency to come close to the Earth, within the Earth–Moon distance,
than bodies of other classes in the past 500 kyr. The authors spec-
ulated that tidal effects during these passages could be at the origin
of surface material disturbance leading to the renewed exposure of
unweathered material. We leave a more general and detailed
investigation of this issue for future work, but if this result is true
for those asteroids, it may also be true for Apophis, which will
approach Earth on Friday, April 13, 2029 no closer than about
29,500 km from the surface (i.e., 4.6 Earth radii, or 5.6 Earth radii
from the center of the planet; Giorgini et al. (2008)). It is predicted
to go over the mid-Atlantic, appearing to the naked eye as a mod-
erately bright point of light moving rapidly across the sky. Our aim
is to determine whether, depending on assumed mechanical prop-
erties, it could experience surface particulate motions, reshaping,
or spin-state alteration due to tidal forces caused by Earth’s gravity
field. The classical Roche limit for a cohesionless fluid body of bulk
density 2.4 g/cm3 to not be disrupted by tidal forces is �3.22 Earth
radii, so we do not expect any violent events to occur during the
rocky asteroid’s 2029 encounter at 5.6 Earth radii.

The presence of granular material (or regolith) and boulders at
the surface of small bodies has been demonstrated by space mis-
sions that visited or flew by asteroids in the last few decades
(e.g., Veverka, 2000; Fujiwara et al., 2006). It appears that all
encountered asteroids to date, from the largest one, the main belt
Asteroid (4) Vesta by the Dawn mission, to the smallest one, the
NEA (25143) Itokawa, sampled by the Hayabusa mission, are
covered with some sort of regolith. In fact, thermal infrared obser-
vations support the idea that most asteroids are covered with reg-
olith, given their preferentially low thermal inertia (Delbo’ et al.,
2007). There even seems to be a trend as a function of the aster-
oid’s size based on thermal inertia measurements: larger objects
are expected to have a surface covered by a layer of fine regolith,
while smaller ones are expected to have a surface covered by a
layer of coarse regolith (Clark et al., 2002). This trend is consistent
with observations by the NEAR-Shoemaker spacecraft of the larger
(�17 km mean diameter) Eros, whose surface is covered by a deep
layer of very fine grains, and by the Hayabusa spacecraft of the
much smaller (320 m mean diameter) Itokawa, whose surface is
covered by a thin layer of coarse grains. However, interpretation
of thermal inertia measurements must be made with caution, as
we do not yet have enough comparisons with actual asteroid sur-
faces to verify that the suggested trend is systematically correct.

Thus, we are left with a large parameter space to investigate
possible surface motion during an Earth close approach of an aster-
oid with unknown surface mechanical properties. Our approach is
to consider a range of simple and well-controlled cases that cer-
tainly do not cover all possibilities regarding Apophis’ surface
mechanical properties, but rather aim at demonstrating whether,
even in a simple and possibly favorable case for surface motion,
some resurfacing event can be expected to occur during the pas-
sage. For instance, instead of considering a flat granular surface,
we consider a sandpile consisting of a size distribution of spherical
grains (Section 2.1) and vary the grain properties in order to
include more or less favorable cases for motion (from a fluid-like
case to a case involving rough particles). Slight disturbances may
manifest as very-small-scale avalanches in which grain connec-
tions readjust slightly, for example. The forces acting on the sand-
pile are obtained by measuring all ‘‘external’’ perturbations during
the encounter, including body spin magnitude and orientation
changes, for cases in which the global shape remains nearly fixed,
and again assuming simple and favorable configurations of the
asteroid. Indirectly, the encounter may also lead to internal recon-
figurations of the asteroid, which in turn produce seismic vibra-
tions that could propagate to the surface and affect the regolith
material. These secondary modifications are not modeled here,
although it may be possible in future work to account for this by
shaking the surface in a prescribed manner. In any case, for this
particular encounter, we demonstrate (Section 3.1) that any global
reconfiguration will likely be small to negligible in magnitude.

In the following, we first present, in Section 2, the numerical
method used to perform our investigation, including the initial
conditions of the sandpile adopted to investigate surface motion,
the representation of the encounter, and the mechanical environ-
ment. Results are described in Section 3, including potential
reshaping of the asteroid, tidal disturbances for Apophis’ encounter
in 2029, which is a function of the sandpile properties, spin orien-
tation changes, and the dependency of the location of the sandpile
on the asteroid to the outcome of the encounter. We also show the
responses of the sandpiles for artificially close approaches (4.0 and
2.0 Earth radii) to demonstrate that our method does predict sig-
nificant alteration of the sandpiles when this is certainly expected
to happen. The investigation is discussed in Section 4 and conclu-
sions are presented in Section 5.
2. Numerical method

We use pkdgrav, a parallel N-body gravity tree code (Stadel,
2001) adapted for particle collisions (Richardson et al., 2000;
Richardson et al., 2009; Richardson et al., 2011). Originally colli-
sions in pkdgrav were treated as idealized single-point-of-contact
impacts between rigid spheres. A soft-sphere option was added
recently (Schwartz et al., 2012); with this new functionality, parti-
cle contacts last many timesteps, with reaction forces dependent
on the degree of overlap (a proxy for surface deformation) and
contact history—this is appropriate for dense and/or near-static
granular systems with multiple persistent contacts per particle.
The code uses a 2nd-order leapfrog integrator, with accelerations
due to gravity and contact forces recomputed each step. Various
types of user-definable confining walls are available that can be
combined to provide complex boundary conditions for the simula-
tions. The code also includes an optional variable gravity field
based on a user-specified set of rules.

The spring/dash-pot model used in pkdgrav’s soft-sphere
implementation is described fully in Schwartz et al. (2012). Briefly,
a (spherical) particle overlapping with a neighbor or confining wall
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feels a reaction force in the normal and tangential directions deter-
mined by spring constants (kn; kt), with optional damping and
effects that impose static, rolling, and/or twisting friction. The
damping parameters (Cn; Ct) are related to the conventional nor-
mal and tangential coefficients of restitution used in hard-sphere
implementations, en and et . The static, rolling, and twisting friction
components are parameterized by dimensionless coefficients
ls; lr , and lt , respectively. Plausible values for these parameters
are obtained through comparison with laboratory experiments
(also see Section 2.1). Careful consideration of the soft-sphere
parameters is needed to ensure internal consistency, particularly
with the choice of kn; kt , and timestep—a separate code is provided
to assist the user with configuring these parameters correctly. The
numerical approach has been validated through comparison with
laboratory experiments; e.g., Schwartz et al. (2012) demonstrated
that pkdgrav correctly reproduces experiments of granular flow
through cylindrical hoppers, specifically the flow rate as a function
of aperture size, and found the material properties of the grains
also affect the flow rate. Also simulated successfully with the
soft-sphere code in pkdgrav were laboratory impact experiments
into sintered glass beads (Schwartz et al., 2013), and regolith, in
support of asteroid sampling mechanism design (Schwartz et al.,
2014).

We use a two-stage approach to model the effect of a tidal
encounter on asteroid surface particles (regolith). First, a rigid
(non-deformable) object approximating the size, shape, and rota-
tion state of the asteroid is sent past the Earth on a fixed trajectory
(in the present study, the trajectory is that expected of (99942)
Apophis—see Section 2.2; note that the actual shape of Apophis
is poorly known beyond an estimate of axis ratios, so we assume
an idealized ellipsoid for this study). All forces acting at a target
point designated on the object surface are recorded (Section 2.2).
Then, a second simulation is performed in the local frame of the
target point, allowing the recorded external forces to affect the
motion of particles arranged on the surface (in the present study
we consider equilibrated sandpiles). This two-stage approach is
necessary due to the large difference in scale between the asteroid
as a whole and the tiny regolith particles whose reactive motion
we are attempting to observe. We approximate the regolith, which
in reality likely consists of a mixture of powders and gravel (Clark
et al., 2002), by a size distribution of solid spheres. We mimic the
properties of different materials by adjusting the soft-sphere
parameters (Section 2.1). The soft-sphere approach permits simu-
lation of the behavior of granular materials in the near-static
regime, appropriate for the present case in which the regolith
particles generally remain stationary for hours and suffer a rapid
disturbance only during the moments of closest approach to the
planet. In particular, the model permits a detailed look at the
responses of local individual particles even when the tidal effects
are too weak to cause any macroscopic surface or shape changes;
this gives insight into the limit of tidal resurfacing effects.

2.1. Sandpile initial conditions

In order to assess the effect of tidal encounters on a small sur-
face feature, we carried out numerical simulations in a local frame
consisting of a flat horizontal surface (i.e., the local plane tangential
to the asteroid surface at the target point) with a ‘‘sandpile’’ resting
on top. The sandpile consists of N = 1683 simulated spherical par-
ticles with radii drawn from a power-law distribution of mean
1.46 cm and ±0.29 cm width truncated (minimum and maximum
particle radii 1.17 and 1.75 cm, respectively). Between the sandpile
and the floor is a rigid monolayer of particles drawn from the same
distribution and laid down in a close-packed configuration in the
shape of a flat disk. This rigid particle layer provides a rough sur-
face for the sandpile to reduce spreading (Fig. 1). Three different
sandpiles were constructed using the material parameters
described below. Particles were dropped though a funnel from a
low height onto the rough surface to build up the sandpile. These
sandpiles were allowed to settle until the system kinetic energy
dropped to near zero. This approach eliminates any bias that might
arise from simply arranging the spheres by hand in a geometrical
way; the result should better represent a natural sandpile.

For this study, we compared three different sets of soft-sphere
parameters for the sandpile particles (Table 1). Our goal was to
define a set of parameters that spans a plausible range of material
properties given that the actual mechanical properties of asteroid
surface material are poorly constrained. In the specific case of Apo-
phis, very little is known beyond the spectral type, Sq (Binzel et al.,
2009). There are no measurements of thermal properties that
might give an indication of the presence or absence of regolith
on Apophis. Consequently, we chose three sets of material param-
eters that span a broad range of material properties. The first set,
denoted ‘‘smooth’’ in the table, consists of idealized frictionless
spheres with a small amount of dissipation (5%, chosen to match
the glass beads case). This is about as close to the fluid case that
a sandpile can achieve while still exhibiting shear strength arising
from the discrete nature of the particles (and the confining pres-
sure of surface gravity). It is assumed this set will respond most
readily to tidal effects due to the absence of friction between the
particles and the non-uniform size distribution. The second set,
‘‘glass beads,’’ is modeled after actual glass beads being used in a
set of laboratory experiments to calibrate numerical simulations
of granular avalanches (Richardson et al., 2012). In this case et

was measured directly, which informed our choice for Ct

(Schwartz et al., 2012), and ls and lr were inferred from matching
the simulations to the experiments. The glass beads provide an
intermediate case between the near-fluid smooth spheres and
the third parameter set, denoted ‘‘gravel’’.

The gravel parameters were arrived at by carrying out simple
avalanche experiments using roughly equal-size rocks collected
from a streambed. In these experiments, the rocks (without sharp
edges) were released near the top of a wooden board held at a 45�
incline. The dispersal pattern on the stone floor was measured,
including the distance from the end of the board to approximately
half of the material, the furthest distance traveled by a rock along
the direction of the board, and the maximum angle of the dispersal
pattern relative to the end of the board (Fig. 2a–c). A series of
numerical simulations was then performed to reproduce the typ-
ical behavior by varying the soft-sphere parameters (Fig. 2d–f).
The values used in Table 1 for ‘‘gravel’’ were found in this way.
The ls and lr values are quite large, reflecting the fact that the
actual particles being modeled were not spheres. A correspond-
ingly smaller timestep is needed to adequately sample the result-
ing forces on the particles in the simulations. The value of en was
measured by calculating the average first rebound height of sam-
ple gravel pieces that were released from a certain height; et was
not measured but since the rocks were rough it was decided to
simply set et ¼ en. This exercise was not meant to be an exhaustive
or precise study; rather, we sought simply to find representative
soft-sphere parameters that can account plausibly for the irregu-
larities in the particle shapes. In any case, we will find that such
rough particles are difficult to displace using tidal forces in the
parameter range explored here, so they provide a suitable upper
limit to the effects. Similarly, we do not consider cohesion in this
numerical study, which would further resist particle displacement
due to tidal forces.

2.2. Representation of mechanical environment

A new adaptation of pkdgrav developed in this work allows for
the simulation of sandpiles located on an asteroid surface, based on



Fig. 1. Snapshots of sandpiles constructed using three different materials, which are (a) ‘‘gravel’’, (b) ‘‘glass beads’’, and (c) ‘‘smooth’’, with corresponding soft-sphere
parameters listed in Table 1. The same constituent spheres are used in each sandpile both for the free particles (green) and the rigid particles (white). The values of average
slope and pile height after equilibrium is achieved are indicated in the snapshots. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Soft-sphere parameter sets used to represent three different
material properties of sandpiles in the simulations. Here ls is
the coefficient of static friction (=tan�1 /, where / is the material
friction angle), lr is the coefficient of rolling friction, en is the
normal coefficient of restitution (1 = elastic, 0 = plastic), et is the
tangential coefficient of restitution (1 = no sliding friction), kn is
the normal spring constant (kg=s2), and kt is the tangential spring
constant (also kg=s2).

Parameter Gravel Glass beads Smooth

ls 1.31 0.43 0.0
lr 3.0 0.1 0.0
en 0.55 0.95 0.95
et 0.55 1.0 1.0
kn 83.3 83.3 83.3
kt 23.8 23.8 23.8
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the motion equations of granular material in the noninertial frame
fixed to the chosen spot. Detailed mechanics involved in the local
motion of the sandpile during a tidal encounter were considered
and represented in the code, including the contact forces (reaction,
damping, and friction between particles and/or walls) and the iner-
tial forces derived from an analysis of the transport motion of a
flyby simulation. Here we provide a thorough derivation of the rel-
evant external force expressions.

Fig. 3 illustrates four frames used in the derivation, the space
inertial frame (SPC), mass center translating frame (MCT), body
fixed frame (BDY) and local frame (LOC). Eq. (1) gives the connec-
tion between the spatial position and the local position of an arbi-
trary particle in the sandpile, for which R is the vector from SPC’s
origin to the particle, RC is the vector from SPC to MCT/BDY, l is the
vector from MCT/BDY to LOC, and r is the vector from LOC to the
particle:
R ¼ RC þ lþ r: ð1Þ

Eqs. (2) and (3) are derived by calculating the first- and second-
order time derivatives of Eq. (1), which denote the connections of
velocity and acceleration between the spatial and local representa-
tions, respectively. x indicates the angular velocity vector of the
asteroid in SPC or MCT. The operator d

dt denotes the time derivative
with respect to the inertial frame SPC, while ~d

dt denotes the time
derivative with respect to the body-fixed frame BDY or LOC:

d
dt

R ¼ d
dt

RC þx� ðlþ rÞ þ
~d
dt

r; ð2Þ

d2

dt2 R ¼ d2

dt2 RC þx� ½x� ðlþ rÞ� þ
~d
dt

x� ðlþ rÞ

þ 2x�
~d
dt

rþ
~d2

dt2 r: ð3Þ

The dynamical equation for an arbitrary particle in the inertial
frame SPC can be written as Eq. (4), which shows that the forces a
particle in the sandpile feels can be grouped into three categories:
FA denotes the local gravity from the asteroid; FP denotes the attrac-
tion from the planet; and FC represents all the contact forces coming
from other particles and walls:

d2

dt2 R ¼ FA þ FP þ FC : ð4Þ

We get the corresponding dynamical equation in the local frame
LOC (Eq. (5)) by substituting Eq. (3) into Eq. (4),

~d2

dt2 r ¼ FC þ FA þ FP �
d2

dt2 RC �x� ½x� ðlþ rÞ� �
~d
dt

x� ðlþ rÞ

� 2x�
~d
dt

r: ð5Þ



Fig. 2. Snapshots of the avalanche experiment and corresponding simulations. In the experiments, �340 similar-size gravel pieces were piled up on the slope each time and
released all at once by removing the supporting board. Snapshots from both the experiment and simulation include frames from the beginning (a, d), middle (b, e), and end
(c, f) of the avalanche event, respectively.

Fig. 3. Sketch of the frames used for deriving the motion equations of the local
sandpile, indicated with different colors. SPC (black) is an inertial frame with the
origin and axes set by pkdgrav. MCT (blue) is a noninertial translating frame with
the origin at the mass center of the asteroid and x; y; z-axes parallel to SPC. BDY
(green) is a noninertial frame that is fixed to the asteroid and initially coincides
with MCT. LOC (red) is a frame fixed to the asteroid surface, taking the origin to be
where the sandpile is located and choosing the z-axis to be normal to the surface at
that point. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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The terms on the right-hand side of Eq. (5) represent the mechani-
cal environment of a particle in the local sandpile during a tidal
encounter, and can be interpreted as follows. FC is the reaction force
from the walls and surrounding particles, which is directly exported
by pkdgrav. FA is approximated by a constant value at the LOC’s
origin that acts as the uniform gravity felt throughout the whole
sandpile, since the latter’s size is negligible compared with the
asteroid dimensions. The difference between the planetary attrac-
tion and the translational transport inertia force, FP � d2

dt2 RC , is the
tidal force that plays the primary role of moving the surface mate-
rials. The term �x� ½x� ðlþ rÞ� is the centrifugal force due to the
rotation of the asteroid, � ~d

dt x� ðlþ rÞ is the librational transport
inertia force (LTIF) that results when the rotational state changes
abruptly during the encounter, and �2x� ~d

dt r is the Coriolis effect
that only acts when particle movement occurs.

In the numerical scheme, we derived the component dynamical
equations by projecting Eq. (5) to LOC and treating each term
separately. The local gravity FA and LOC origin l are constant vec-
tors, which were initialized in the simulations as parameters. The
complications arising from the asteroid motion (tidal force, angular
velocity, and acceleration) were solved within a simulation in
advance, using a rigid rubble pile as the asteroid model and export-
ing the physical quantities required in each step. To specify Apo-
phis’s encounter with Earth in 2029, we computed the planet
trajectory by tracing back from the perigee conditions, 5:6 RE dis-
tance and 8.4 km/s encounter speed (Giorgini et al., 2008), where
RE indicates the average Earth radius (6371 km). As Fig. 4 illus-
trates, a tri-axial ellipsoid model with axis ratio 1.4:1.0:0.8 was
employed to approximate the overall shape of Apophis (Scheeres
et al., 2005), corresponding to an equivalent radius of 162.5 m
(Müller et al., 2013). A rubble pile bounded by the tri-axial model
was constructed for the flyby simulation. The rubble pile model
consisted of N = 2855 equal-size spherical particles in a close-
packed configuration. The total mass was set to 4� 1010 kg (bulk
density 2:4 g=cm3) with an initial rotation around the maximum
principle axis of inertia of period 30.4 h (Tholen et al., 2013). Three
markers (non-coplanar with the origin) were chosen from the sur-
face particles to track the variation of the rubble pile’s attitude in
SPC. A complete list of its motion states during the encounter
was exported to a data file, which was accessed by the subsequent
simulations with local sandpiles.



Fig. 4. Diagram of Asteroid (99942) Apophis’. The tri-axial ellipsoid (light gray)
denotes the overall shape model, while the arranged particles (khaki) denote the
rubble-pile model used for numerical simulations. The highlighted particles (red)
are markers used for determining the attitude of the asteroid in SPC. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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3. Results

3.1. Evaluation of reshaping effects

Richardson et al. (1998) showed the complicated behavior of a
rotating rubble pile due to a tidal encounter. Generally, a variation
in rotational state is usually induced because of the coupling effect
between librational motion and orbital motion. Especially for elon-
gated bodies like Apophis, the terrestrial torques during its flyby
may force a strong alteration of the rotational state in a short per-
iod (Scheeres et al., 2005). The modifications in structure of the
rubble pile are also notable. The tidal encounter outcomes show
a strong dependence on the progenitor elongation, the perigee dis-
tance, and the time spent within the Roche sphere. The outcomes
also depend on the spin orientation of the progenitor to the extent
that retrograde rotators always suffer less catastrophic conse-
quences than prograde ones (Richardson et al., 1998). However,
the parameter space considered in that study (Richardson et al.,
1998) did not include the Apophis scenario in 2029, since the focus
was on the conditions for full-scale distortion or disruption. For
this study, we first redid the flyby simulations (Section 2.2) using
a true (non-rigid) rubble pile model with the Apophis encounter
parameters of 5:6 RE and 8.4 km/s. We quantified the tidal reshap-
ing effect by measuring the maximum net change of a normalized
shape factor defined by Eq. (6) (Hu and Scheeres, 2004), in which
I1; I2; I3 are the principal inertia moments, with I1 6 I2 6 I3:

r � I2 � I1

I3 � I1
: ð6Þ

The shape factor r 2 ½0;1� roughly describes the mass distribution of
the body (0 = oblate, 1 = prolate). The initial rubble-pile model
(equilibrated, prior to the encounter) had r � 0:73, and its relative
change, defined by Dr=r, was measured for several simulations
parameterized by bulk density and constituent material type
(Table 2). The corresponding Roche limits are provided in the table,
with the values estimated for the case of a circular orbit. The reshap-
ing effects show consistent results for all three types of materials,
varying between a noticeable change in shape (magnitude 10�2)
and a negligible change in shape (magnitude 10�5), with the sharpest
transition occurring for a critical bulk density�0.4 g/cm3 with corre-
sponding Roche limit of 5:6 RE. This agrees with the analysis of Apo-
phis’ disruption limit using a continuum theory for a body made up
of solid constituents (Holsapple and Michel, 2006). Note we find that
even a bulk density as low as 0.1 g/cm3 did not dislodge any particles
enough for them to end up in a new geometrical arrangement, due to
the very short duration of the tidal encounter.
Since idealized equal-size spheres can arrange into crystal-like
structures that may artificially enhance the shear strength of the
body (Tanga et al., 2009; Walsh et al., 2012), we carried out a sec-
ond suite of simulations with rubble piles made up of a bimodal
distribution of spheres (Fig. 5). The model consisted of 181 big par-
ticles of radius 19.3 m and 1569 small particles of radius 9.7 m,
bounded by the same tri-axial ellipsoid as shown in Fig. 4, and
arranged randomly. As before, the bulk density and material type
were varied, with notable differences in outcome compared to
the equal-size-sphere cases (Table 2). Particles using the ‘‘smooth’’
parameter set are not able to hold the overall shape of Apophis (the
1.4:1.0:0.8 tri-axial ellipsoid); instead the rubble pile collapses and
approaches a near-spherical shape. For the other two parameter
sets, however, the overall shape of the rubble pile is maintained.
Fig. 6 shows the relative change of shape factor r as a function
of bulk density for both types of simulations. As shown, the results
from the unimodal and bimodal rubble piles present similar
trends: before reaching the Roche limit density, the reshaping
remains small (the magnitudes are 10�5 to 10�4 with a certain
amount of stochasticity); after that, the reshaping effect sharply
increases to around 10�1. The bimodal rubble piles show less resis-
tance to the tidal disturbance, since they have less-well-organized
crystalline structures compared to the unimodal cases; they there-
fore exhibit larger shape modifications (Walsh et al., 2012).

Regardless, catastrophic events were not detected for either type
of rubble pile until the bulk density was as small as 0.1 g/cm3, for all
material parameter sets. Therefore, the reshaping effects on
Apophis in 2029 should be negligibly small for bulk densities in
the likely range (2–3 g/cm3). Even so, minor internal reconfigura-
tions resulting from the tidal encounter may produce seismic waves
that could propagate and affect the configuration of surface rego-
lith. Since we are only looking at localized areas on the surface, iso-
lated from the rest of the body, vibrations emanating from other
regions, in or on the asteroid, are not evaluated in the current work,
although again we expect these to be small or non-existent for the
specific case of the Apophis 2029 encounter. Only the ‘‘external’’
forces acting directly on the surface particles in the considered
localized region are taken into account. We will look into the effects
of seismic activity, which may stem from other regions of the aster-
oid, on an actual high-resolution rubble pile in future work. In this
study, we focus on external forces, outside of the rubble pile itself;
the rigid rubble pile model is employed as a reasonable simplifica-
tion for the purpose of measuring the external forces on a surface
sandpile.
3.2. Global change of mechanical environment

The right-hand side of Eq. (5) provides a description of the con-
stituents of the mechanical environment experienced by a sandpile
particle, including local gravity, tidal force, centrifugal force, LTIF,
and the Coriolis effect. Note the Coriolis force does not play a role
before particle motion begins, so it can be ignored when examining
the causes of avalanches/collapses. The centrifugal force and LTIF
show weak dependence on local position r, so these terms can be
simplified by substituting lþ r � l, since the dimension of the
sandpile is much smaller than that of the asteroid. This leads to
an approximation of the resultant environmental force (Eq. (7)),
which provides a uniform expression of the field force felt through-
out the sandpile:

FE ¼ FA þ FP �
d2

dt2 RC �x� ðx� lÞ �
~d
dt

x� l: ð7Þ

The variation of FE shows a common pattern for different encounter
trajectories and different locations on the asteroid: it stays nearly
invariable for hours as the planet is approaching/departing and



Table 2
Relative net change of shape factor Dr=r for the flexible rubble-pile model of monodisperse and bidispersed particles, parameterized by the bulk
density and material property. The results of bidisperse smooth particles are omitted since the rubble pile in this case cannot hold the overall shape
of a 1.4:1.0:0.8 tri-axial ellipsoid at Apophis’ spin rate. The estimates of Apophis’ Roche limit (second column) corresponding to the indicated bulk
density are calculated assuming a fluid body in a circular orbit around Earth. For reference, the Apophis encounter distance in 2029 will be about
5:6 RE.

Density (g=cm3) Roche limit (RE) Dispersion Gravel Glass beads Smooth

2.4 3.22 Unimodal 6:62� 10�5 7:76� 10�5 3:26� 10�5

Bimodal 8:36� 10�4 6:00� 10�4 —

2.0 3.42 Unimodal 5:19� 10�5 8:84� 10�5 8:67� 10�5

Bimodal 9:67� 10�4 6:06� 10�4 —

1.5 3.77 Unimodal 2:75� 10�5 9:54� 10�5 3:60� 10�5

Bimodal 4:73� 10�4 3:51� 10�4 —

1.0 4.31 Unimodal 1:88� 10�5 4:95� 10�5 4:68� 10�5

Bimodal 9:07� 10�4 5:57� 10�4 —

0.5 5.43 Unimodal 1:99� 10�5 1:45� 10�5 2:16� 10�5

Bimodal 2:82� 10�3 2:31� 10�4 —

0.1 9.29 Unimodal 2:37� 10�2 3:12� 10�3 2:47� 10�2

Bimodal 6:54� 10�2 1:31� 10�1 —

Fig. 5. Snapshot of the rubble-pile model for Apophis with bimodal particles in
irregular packing. The tri-axial ellipsoid (light gray) denotes the overall shape
model, and the arranged particles (khaki) show the rubble-pile model used for
numerical simulations.
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shows a rapid single perturbation around the rendezvous. This fea-
ture enables us to evaluate the mechanical environment by measur-
ing the short-term change of FE, and moreover, to make a
connection between these external stimuli with the responses of
sandpiles in the simulations. Spherical coordinates ðF; h;aÞ are used
to represent the resultant force (Fig. 7), in which F is the magnitude
and h and a denote the effective gravity slope angle and deflection
angle, respectively.

The effects of the environment force must be considered in the
context of the sandpile modeling. A rough approximation of the
catastrophic slope angle (Eq. (8)) can be derived from the conven-
tional theory of the angle of repose for conical piles (Brown and
Richards, 1966), namely that avalanches will occur when the effec-
tive gravity slope angle h exceeds hC:

hC ¼ tan�1ðlSÞ � hS: ð8Þ

Here hS denotes the resting angle of the (conical) sandpile, assumed
to be less than the repose angle tan�1ðlSÞ, and hC denotes the crit-
ical slope angle, which, if exceeded by the effective gravity slope
angle, results in structural failure of the sandpile, i.e., an avalanche.
Essentially, the avalanches of the sandpile depend primarily on the
instantaneous change of the slope angle h of the resultant force and
should be only weakly related to the magnitude F and deflection
angle a. The global distribution of changes of h were examined for
the duration of the encounter (see below). It would be difficult to
make an exhaustive search over all asteroid encounter orientations
due to the coupling effects between the asteroid’s rotation and the
orbital motion. Instead, we chose 12 representative trajectories
along the symmetry axes of the Apophis model (at perigee) for
study, which serves as a framework for understanding the influence
of encounter orientation and the strength of tidal disturbance at dif-
ferent locations. (The technique used to match the orientation of
the asteroid at perigee is to first run a simulation in reverse starting
at perigee with the required orientation, thereby providing the cor-
rect asteroid state for a starting position far away.) Fig. 8 shows the
12 trajectories along three mutually perpendicular planes, including
both the prograde and retrograde cases. This choice is based on the
symmetry of the dynamical system, and all 12 trajectories have a
speed of 8.4 km/s at a perigee distance of 5:6 RE.

Fig. 8 presents these representative trajectories in order, each
corresponding to a special possible orientation of the encounter.
The effective gravity slope angle changes throughout the surface
of the tri-axial ellipsoid model were recorded for each trajectory,
with particular attention to the location and time of the maximum
change. We found that these maximum changes concentrate at
several minutes around perigee. Fig. 9 shows the maximum values
of slope angle change along these trajectories, indicating that the
largest perturbation on slope angle is less than 2	. We verified that
the achievable range of the effective gravity slope angle during the
encounter (Section 2.2) is within the safe limit predicted by Eq. (8)
for all three sandpiles (Section 2.1); that is, a slope change below 2	

is not enough to trigger any massive avalanches throughout the
sandpiles.

Fig. 9 also shows a general dependence of the tidal perturbation
on the orientation of the encounter trajectory, namely that the
three step levels seen in the figure correspond to three directions
of the relative planet motion at perigee. Trajectories 1–4 corre-
spond to the direction of the body long axis, which leads to rela-
tively strong tidal effects; trajectories 5–8 correspond to the
direction of the intermediate axis, which leads to moderate effects;
while trajectories 9–12 correspond to the direction of the short
axis, which leads to relatively weak tidal effects. Fig. 10 illustrates
the distribution of effective gravity slope angle change at perigee
for the three trajectory sets, with A denoting trajectories 1–4, B
denoting trajectories 5–8, and C denoting trajectories 9–12. We
confirm that the four trajectories in each set present visually the
same distribution around perigee, therefore we chose the patterns
due to trajectories 1, 5, and 9 for demonstration of sets A, B, and C,
and generalize these three patterns as representative. Several
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Fig. 6. The relative change of shape factor r as a function of bulk density during the encounter. The solid line (with triangular points) shows the results for the original rubble
pile with equal-sized particles. The dashed line (with square points) shows the results for the bimodal rubble pile with irregular packing.

Fig. 7. Sketch of the environmental force that the sandpile feels in LOC. The plane
(gray) indicates the local tangential plane. The red arrow indicates the environ-
mental force given by Eq. (7). Label F indicates its magnitude, and h and a indicate
the slope angle (elevation) and deflection angle (azimuth) of the effective gravity,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Sketch of the fiducial trajectories in different orientations. These trajectories
(blue numbered lines) are placed in the perpendicular planes (yellow) of the
Apophis model (gray ellipsoid), matching the three axial directions at perigee. The
blue arrows show the prograde and retrograde directions. The red arrow denotes
the angular velocity. px, py, pz indicate the poles along the three axes x; y; z,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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points can be inferred from Fig. 10. First, the direction to the planet
at perigee largely determines the global distribution of tidal per-
turbation, that is, the strongest effects tend to occur along the long
axis and the weakest effects along the short axis. Second, at peri-
gee, the largest slope change occurs near areas surrounding the
pole for the most favorable orientation (set A), while the largest
slope change at the pole occurs several minutes before or after
perigee (see Fig. 11). These maximum slope changes are about
equal in magnitude (the change is only slightly smaller at the pole
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Fig. 9. Maximum values of slope angle change for the fiducial trajectories. The stars
denote the maximum values, and the dashed lines denote the levels of tidal
perturbation (the average of the 4 values in each case), which divide the 12
trajectories into 3 basic categories according to the spin orientation at perigee. See
Fig. 8 for the trajectory orientations.
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compared to the area immediately surrounding it, but not enough
to make a difference to the avalanches), so for simplicity we just
use the poles themselves as our testing points. Third, the duration
of strong tidal effects depends on the eccentricity of the encounter
trajectory. We checked the trajectories shown in Fig. 8 and found
the duration of strong perturbation, defined for illustration as the
period when the force magnitude stays above 90% of the peak
value, is tens of minutes long; correspondingly, the responses of
the surface material are also transitory and weak.

The three poles px, py and pz (see Fig. 8) were chosen as the test
locations for the sample sandpiles since the effective gravity slope
angle is near zero at these locations, which enables the sandpiles to
hold their initial shapes. Fig. 11 illustrates the time variation of
slope angle at the poles during the encounter. The results derived
from all 12 trajectories in Fig. 8 are shown and to the same scale.
The most perturbed pole is py on the medium axis, which gains
the largest slope angle change for most cases, except in trajectories
{3, 4, 9, 10}. It is notable that trajectories in the same plane always
share similar variation at the three poles, such as {1, 2, 5, 6},
{3, 4, 9, 10}, and {7, 8, 11, 12}. The curves at px and py show simi-
lar doublet shapes since those poles are both located in the rota-
tional plane. The variation at pz is more complicated due to the
fact that the spin pole is not perpendicular to the orbit plane.
Fig. 10. Global distribution of slope angle change at perigee for the three trajectory sets
text for an explanation of each set). A uniform colormap ranging up to 1:8	 is used for t
Fig. 11 can be used to estimate the changes in the mechanical
environment at these pole locations. Since the slope angle change
is the primary mechanism to drive avalanches on the sandpiles, the
results derived from different trajectories serve as a framework to
determine the magnitude of tidal perturbation at the candidate
locations and locations in between, which turns out to be quite
small for the Apophis encounter (less than about 1	 in slope for
these cases).

3.3. Tidal disturbances in 2029

As analyzed above, catastrophic avalanches solely due to exter-
nal forces acting directly on the surface particles may never occur
on Apophis during the 2029 encounter since the tidal perturbation
will be very weak, however it might still have the potential to trig-
ger some local tiny landslides of the surface materials. Generally,
the regolith experiences more activity than the constituents deep
in the asteroid due to the dynamical environment on the surface,
including the microgravity, maximum tidal and centrifugal accel-
eration, and smaller damping forces from the surroundings due
to the smaller confining pressure, therefore we conclude that
resurfacing due to external perturbations should occur before
wholesale reshaping during the encounter (discussed in Section
3.1). In the following sections we detail our numerical examination
of the local sandpiles for the predicted Apophis encounter scenario
to estimate the limit and magnitude of the material responses in
2029.

One problem that must be confronted in the numerical simula-
tions is that the soft-sphere sandpiles exhibit slow outward
spreading due to the accumulation of velocity noise, and this slow
spreading may eventually lead to a collapse of the whole sandpile.
Unfortunately, our integration time required is long (hours) for a
granular system, thus the numerical noise has to be well limited
in our method. Two techniques are used in this study. First, as
described in Section 2.1, a rough pallet made up of closely packed
spheres in a disk fixed to the ground is used to reduce spreading of
the bottom particles. Second, we introduce a critical speed in the
code, below which all motions are considered to be noise and are
forced to zero. We found a speed threshold �10�10 m=s by launch-
ing hours-long simulations of a static sandpile for different mate-
rial properties and finding the corresponding minimum value of
the critical speed that limits the numerical spreading.

Simulations of sandpiles without a flyby were carried out first,
serving as a reference for subsequent flyby simulations. Sandpiles
in this situation were confirmed to stay equilibrated for a long per-
iod, which suggests the avalanches in our numerical experiments
(if any) would be attributed entirely to the effects of the tidal
A, B and C, each including 4 trajectories of the same spin orientation at perigee (see
he three plots.



Fig. 11. Time variation of the effective gravity slope angle at the poles px (dashed lines), py (solid lines), and pz (dotted lines) during the encounter. Each subgraph corresponds
to one fiducial trajectory marked with its number on the upper left (refer to Fig. 8).
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encounter. We performed local simulations with the sandpiles
generated in Section 2.1 to consider the response of different mate-
rials to the Apophis encounter. The local frames at the three poles
px, py and pz (Fig. 8) were used to position the sample sandpiles,
and the flyby simulation data derived from the 12 fiducial trajecto-
ries were employed as the source of external perturbations for the
local simulations. There are 108 possible combinations in total for
different materials, locations, and trajectory orientations, covering
a wide range of these undetermined parameters. In all the simula-
tions, the start distance of Apophis from the center of the planet
was set to 18 RE to ensure the sandpiles were equilibrated fully
before it approached the perigee. For our study, we concentrated
on the connections between the sandpile’s responses and signifi-
cant variables, e.g., spin orientation and sandpile locations, by
which we will get a better sense of the surface processes due to
a tidal encounter. The sandpiles located at pole py for trajectory 2
(Fig. 8) were examined in detail, which is the case suffering the
strongest tidal perturbation (Fig. 11). Fig. 12 illustrates the distur-
bances on sandpiles of three different materials for this configura-
tion. Each panel includes a snapshot of the sandpile after the tidal
encounter with the displaced particles highlighted and a diagram
showing the time variations of the total kinetic energy with plan-
etary distance. Intensive events can be identified by noting the
peaks of the kinetic energy curves, and the particles involved in
these events are marked with different colors to show the corre-
spondence between the disturbed site and occurrence time.

The scale of the disturbances proves to be tiny even for the
‘‘strongest’’ case in Fig. 12. As illustrated, the displaced particles
are few in number and mostly distributed on the surface of the
sandpile. We found that the maximum displacement of a given
particle is less than 0.8 times its radius; that is, these disturbances
only resulted from the collapse of some local weak structures and
the small chain reaction among the surrounding particles. More-
over, the ‘‘gravel’’ sandpile proves to be unaffected by the tidal
encounter, because the static friction is quite large (Table 1) and
all particles are locked in a stable configuration, in which case
the total kinetic energy of the sandpile remains very small
(�10�14 J). The ‘‘glass beads’’ sandpile suffered small but concen-
trated disturbances that involved very few particles. Accordingly,
the displacements of these particles are relatively large. The
‘‘smooth’’ sandpile presents near-fluid properties with many sur-
face particles experiencing small-amplitude sloshing. The motion
eventually damps out and the displacements of the involved parti-
cles are tiny (smaller than that of ‘‘glass beads’’).

Based on the detailed analysis of this representative scenario,
we performed simulations at other poles and at other orientations,
constructing a database to reveal any connections between distur-
bances and these parameters. However, the results show little
association between these two: for the ‘‘gravel’’ sandpile, no dis-
turbances were detected for any location and any orientation due
to the large lS; for the ‘‘glass beads’’ sandpile, some small-scale
avalanches can always be triggered, while the occurrence (site
and time) of these avalanches seems to be widely distributed
and independent of location and orientation; and for the ‘‘smooth’’
sandpile, surface particles can feel the tidal perturbation and show
slight sloshing, but no visible avalanches eventually resulted,
because the initial low slope angle in this case imposes a relatively
stable structure that is always able to recover from the external
perturbations.

3.4. Tide-induced avalanches at closer approaches

To illustrate the effect of stronger perturbations on our model
sandpiles, we carried out a few simulations of closer approaches,



Fig. 12. Snapshots of sandpiles after the tide-induced avalanches in 2029, with corresponding time variations of their total kinetic energy. The three panels include the results
of sandpiles constructed using the three materials (a) ‘‘gravel’’, (b) ‘‘glass beads’’, and (c) ‘‘smooth’’, respectively. Particles that moved more than 0.1 of a particle radius during
the avalanches are highlighted. The peaks in the total kinetic energy curves indicate occurrence of avalanches; the peaks are labeled, and corresponding particles that moved
appreciably are marked in different colors (red, blue, orange) in the snapshots. The dotted line in each graph shows the evolution of the planet–asteroid distance during the
encounter. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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specifically at 4.0 and 2:0 RE, for the same encounter speed of
8.4 km/s. These scenarios, though unlikely to occur in 2029 based
on current understanding of Apophis’ orbit, are presented here to
illustrate the magnitudes of tidal resurfacing effects over a wider
range of perturbation strengths.

Flyby simulations of rubble piles were first carried out to quan-
tify the reshaping effects, using the monodisperse and bidisperse
particle rubble-pile models (see Section 3.1). The bulk densities
for both models were set to �2.4 g/cm3. Table 3 presents the rela-
tive net changes of shape factor Dr=r for these rubble piles of dif-
ferent materials at different perigee distances.

Table 3 shows results consistent with Section 3.1, namely that
the bimodal rubble pile shows greater fluidity and larger shape
changes during the encounter. To be more specific, the magnitude



Table 3
Relative net change of shape factor Dr=r for the rubble piles of monodisperse and
bidisperse particles, parameterized by the perigee distance and material property. As
before, the results of bidisperse smooth particles are omitted since they cannot
maintain Apophis’ tri-axial ellipsoidal shape.

Perigee (RE) Dispersion Gravel Glass beads Smooth

2.0 Unimodal 1:45� 10�3 1:42� 10�3 5:62� 10�1

Bimodal 4:48� 10�2 7:95� 10�2 —

4.0 Unimodal 1:32� 10�4 7:18� 10�4 5:88� 10�4

Bimodal 9:37� 10�4 8:09� 10�4 —
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of reshaping effects at perigee distance 4:0 RE (still larger than the
Roche limit of 3:22 RE for a fluid body) remains small (�10�4), and
that at perigee distance 2:0 RE (smaller than the Roche limit)
achieves a significant level of 10�3 to 10�1. It is notable that the
rubble piles did not experience any irreversible distortion even
for an approach distance as close as 2:0 RE, because the duration
of strong tidal effects is relatively short (see Section 3.1). Anyway,
in this section we still adopt the assumption of rigidity to measure
the quantities required by the local simulations, which is
acceptable since these scenarios are fictitious and only designed
to exhibit some massive resurfacing effects.

For the same reason, in this section we do not present system-
atic local simulations for different sandpile locations and orienta-
tions as done for the real encounter scenario; instead, we simply
place the sample sandpiles (see Fig. 1) at the pole of the body long
axis px, and choose trajectory 1 (see Fig. 8) as the encounter trajec-
tory to give rise to the maximum tidal effects. Figs. 13 and 14 illus-
trate the responses of the three sandpiles for perigee distance
4:0 RE and 2:0 RE, respectively. Each panel includes snapshots of
the sandpile before and after the tidal encounter, and the overall
shape of the sandpile is traced with a white border for emphasis.
Diagrams showing the time variation of the total kinetic energy
with planetary distance are also included, in which the intensive
avalanches can be identified by noting the peaks of the kinetic
energy curves (note the different vertical scales).

As illustrated in Fig. 13, the shape changes of the three sand-
piles are still small (but visible) for the encounter at 4:0 RE perigee,
and involve many more particles than the encounter at 5:6 RE

(Fig. 12). And accordingly, the magnitudes of the total kinetic
energy increase consistently for the three sandpiles of different
materials, except for the gravel case at 4:0 RE, where it appears
the frictional ‘‘lock’’ established when the pile was first created is
disturbed enough to cause a stronger distortion than might other-
wise be expected, causing a sharp spike in the kinetic energy plot.
Essentially, the ‘‘gravel’’ sandpile experienced a more significant
collapse than the ‘‘glass bead’’ sandpile. As stated in Section 2.1,
the three sandpiles were constructed in a manner that allowed
for some inherent randomness, thus their energy state and
strength may differ to some degree, and appearently the ‘‘gravel’’
sandpile was closer to its failure limit than the other two. This adds
an extra element of stochasticity to the results, an aspect to be
explored in future work.

Fig. 14 shows the results from the encounter at 2:0 RE perigee,
for which the encounter trajectory partly entered the Roche sphere
(3:22 RE). In this case, the shapes of the three sandpiles are highly
distorted during the encounter, with the involved particles
slumped towards the direction where the planet is receding. The
corresponding changes in total kinetic energy become extremely
large when the massive avalanches occur, especially for the
‘‘smooth’’ particles.

The results of this section suggest that a 4:0 RE encounter may
alter the regolith on Apophis’ surface slightly, and a 2:0 RE encoun-
ter may produce a strong resurfacing effect (of course, we would
expect considerable global distortion as well, if the asteroid is a
rubble pile). The shape changes of the sandpiles depend on the
orientation of the encounter trajectory; i.e., particles can be
dragged away along the direction in which the planet recedes.
4. Discussion

The argument about whether a terrestrial encounter can reset
the regolith of NEAs has been discussed for a while (e.g., Binzel
et al., 2010, Nesvorný et al., 2010). Important evidence is provided
by measurements of the spectral properties, which suggest that
asteroids with orbits conducive to tidal encounters with planets
show the freshest surfaces, while quantitative evaluation of this
mechanism is still rare and rough. The two-stage approach pre-
sented in this paper enables the most detailed simulations to date
of regolith migration due to tidal effects, which we have applied to
make a numerical prediction for the surface effects during the 2029
approach of (99942) Apophis.

We confirm that the shape modification of Apophis due to this
encounter will likely be negligibly small based on the results of
systematic simulations parameterized by bulk density, internal
structure, and material properties. The analysis of the global
mechanical environment over the surface of Apophis during the
2029 encounter reveals that the tidal perturbation is even too
small to result in any large-scale avalanches of the regolith mate-
rials, based on a plausible range of material parameters and pro-
vided that external forces acting directly on the surface dominate
any surface effects due to seismic activity emanating from other
regions of the body. Future work will explore these second-order
surface effects and their relevance to this encounter, and to cases
of tidal resurfacing of small bodies in general. It is notable that
our approach is capable of capturing slight changes in the regolith
(modeled as sandpiles); thus, through numerical simulation, we
find that this weak tidal encounter does trigger some local distur-
bances for appropriate material properties.

These possible disturbances, though local and tiny, are essen-
tially related to the nature of the sandpile, which is actually a
bunch of rocks and powders in a jammed state. The sandpile is
formed by a competition between the constituents to fall under
gravity and eventually reach an equilibrium with mutual support.
It can hold a stable shape under a constant environment force at
low sandpile densities (compared with close packing), which is pri-
marily due to interior collective structures, called bridges, that are
formed at the same time as the sandpile and are distributed non-
uniformly throughout the sandpile (Mehta, 2007). The soft-sphere
method provides a detailed approximation to a real sandpile in
terms of the granular shape and contact mechanics, which can well
reproduce the bridges that dominate the structure of the sandpile.
Accordingly, we can describe the nuanced responses due to the
changes in ðF; h;aÞ—see Section 3.2 and Fig. 7. Changing the slope
angle h is the most efficient way to break the equilibrium of sub-
structures in the sandpile, while changing the magnitude F and
deflection angle a may also play a role in the causes of avalanches.
Changes in F can readjust the interparticle overlaps and cause
collapse of some bridges, which is a principal mechanism of com-
paction by filling the voids during small structural modifications
(Mehta et al., 2004). This dependence was recently demonstrated
in experiments of measuring the angle of repose under reduced
gravity (Kleinhans et al., 2011). Similarly, the weak links in bridges
of the sandpile may also be disturbed and broken during the
sweeping of a in the plane. In addition, Mehta and Barker, 1991
pointed out that even slight vibration caused by the environment
force may result in collapse of long-lived bridges, which is also
responsible for the sandpile landslides during the encounter.

Although the magnitudes of the avalanches are different for the
three materials we tested, they are nonetheless all very small. We
note the occurrence of these local avalanches shows little



Fig. 13. Snapshots of the sample sandpiles before and after the avalanches induced by the encounter at 4:0 RE perigee, with corresponding time variations of their total
kinetic energy. The white lines in the snapshots indicate the original and final shapes of the sandpiles. The peaks in the total kinetic energy curves indicate occurrence of
avalanches, and the dotted line shows the variation of the planet-asteroid distance during the encounter.
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dependence on the orientation/location of the sandpile, because all
the perturbations are small in magnitude and the sandpile behav-
ior, these small-scale avalanches, actually depends on the presence
of weak bridges inside the sandpile, which in turn could be sensi-
tive to the changes of the environmental force’s magnitude, deflec-
tion angle, and slope angle in a somewhat random way.
In any case, this numerical study shows that tidal resurfacing
may not be particularly effective at moderate encounter distances.
We predict that overall resurfacing of Apophis, regolith will not
occur if the only source of disturbance is external perturbations.
Mini-landslides on the surface may still be observed by a visiting
spacecraft with sufficiently sensitive monitoring equipment. This



Fig. 14. Same as Fig. 13, but for the encounter at 2:0 RE perigee.
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provides a great motivation for in situ exploration of Apophis in
2029 (Michel et al., 2012).
5. Conclusions

This paper provides a numerically derived prediction for the
surface effects on (99942) Apophis during its 2029 approach,
which is likely to be one of the most significant asteroid encounter
events in the near future. A two-stage scheme was developed
based on the soft-sphere code implementation in pkdgrav to
mimic both a rubble pile’s (rigid and flexible) responses to a plan-
etary flyby and a sandpile’s responses to all forms of perturbations
induced by the encounter. The flyby simulations with the rubble
pile indicate that reshaping effects due to the tidal force on Apo-
phis in 2029 will be negligibly small for bulk densities in the
expected range (2–3 g/cm3). The resultant environmental force felt
by the sandpile on the asteroid surface was approximated with a
uniform analytical expression, which led to an estimate of the
changes in the global mechanical environment. Three typical
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patterns of perturbation were presented based on the asteroid
body and spin orientation at perigee, showing a general depen-
dence of the magnitude of tidal perturbation on the orientation
of the trajectory. Twelve fiducial trajectories were used to calculate
the magnitude of the tidal perturbation at three poles of the
tri-axial ellipsoid model, indicating that the strongest tidal pertur-
bation appears where the local slope is originally steep and that
the duration of the strong perturbation is short compared with
the whole process. The tidal perturbation on surface materials is
confirmed to be quite weak for the 2029 encounter, therefore
large-scale avalanches may never occur. However, we showed this
weak perturbation does trigger some local tiny landslides on the
sample sandpiles, though the involved particles are few in number
and are distributed on the surface of the sandpile. These small-
scale avalanches result from the breaking of weak substructures
by slight external perturbations, therefore the occurrence of these
local avalanches is widely distributed and presents little depen-
dence on the encounter parameters. The simulations of closer
approaches show that an encounter at 2:0 RE is capable of trigger-
ing some massive avalanches of the sandpiles, i.e., to alter the
regolith on Apophis’ surface significantly (although the entire body
would also undergo significant shape change in this case).

Further research will be performed to generalize our work over
a wide range of possible asteroid-planet encounter conditions. And
as stated above, we will also investigate whether even slight
internal perturbations in the asteroid during tidal encounters
may contribute to noticeable surface motions.
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